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l�dI[K[aO�l<QRO�`ØdIJ�fZS\Ç�ga_kO
g�dI_\ÎPÆIdI[
dIJ�F�fZO$Q6d(Ë�_\Sk[KOAfZO�ÆeÇ¶O�[WQRf6FI[a`
ñ ��t�o�§©¡y��zrv©nr¨e¢�¨Po�{� IqL¡�zrqLq�T6v}��v}nr{"nrqL{­nr{Cv©tIwy�y§©w¥q�£G��§©~Ite�y¢6vxo�§©{C���� IqL¡�zrqLqVUWT.X}��Y[Z¸�



g±deSk[WQRf�h Ú [
QZNKO�ÏaJLfrQ�fpÎGfpQZO�Ç
F(QZSTl�fpQZHa`GÎeVW]�O�_T`YÓ Ù ÕiSkÇ¶gK_\O�Ç¶O�[WQRO�`AF%`GSkÐPST`GO$Í|F([±`PÍ­l�dI[(�WHKO�J
F(_\ÆIdIJRSkQZNKÇ fZSkÇ¶S\_\FIJ�QRd G�O�O � f FIf�Ì�O�_k_"FIf F([ØF(_\ÆIdeJZSkQZNKÇ8MaFefpOy`�dI[²QZNKO�Ì�F¥ÐIO�gKJRdIg±F(ÆeF(Í
QZS\dI[3F(gKgKJRdeFelLNYÓ �(Õ�dIHGQR_kS\[KOy`AMPÎPJ1O�JLfRfpde[YÓ � ��Õ­hPç�_xQRNKdIHaÆINcNKS\fuS\Ç¶gK_kO�Ç¶O�[WQRF(QZS\dI[cS\fuÐIO�JZÎ
O$îAl$S\O�[WQ�VaSxQ^STf�[Kd(Q^JRdIMaHafrQ^FI[a`0l�F([3l$JLFIfZN�hKç^[ad(QZNaO�J^fZd(Ë¦QrÌ�F(JRO�È ��/ �����ÛÊ�F¥Ð¥FISk_TF(Ma_kO S\f�MPÎ
Ú Ç¶FIS^Ó �e� Õ­V�ÌDNKdcSkÇ¶gK_\O�Ç¶O�[WQRO�` F([ØSk[±l$JRO�Ç¶O�[WQRFI_CF(_\ÆIdeJZSkQZNKÇ8Ë¸deJ6Fc`KS\f�MrdIS\[WQ6fZO$Q�dIË�_\Sk[aO
fpO�ÆIÇ¶O�[WQRf�F([±`6g±deSk[WQLf�h¥]^STf�Ç�O�QZNKdG`6ÆeHaF(JLF([WQRO�O�f�êrQRdIg�dI_\dIÆISTl�FI_Il$deJZJRO�l$QZ[KOyfZfRëKh�× NKSk_\OuNKS\f
F(_\ÆIdIJRSkQZNKÇ S\f"ÌudIJLfpQpÍ|l�FIfZODl$HKMaS\lIVISkQRfCg�O�JZË¸dIJRÇ
F([al�ODSk[
gaJRFel<QZSTl$ODSTfCfZHKMafpQRFI[eQRS\FI_k_\Î�M±O�QpQZO�J�h
]^STf�S\Ç¶gK_\O�Ç¶O�[WQRF(QZS\dI[cÆIS\ÐIOyf�[Kd�ÆIH±F(JLF([WQZO�O^dI[=QZNKO�FIl�l$HKJLFIl�Î�dIË�QZNaO Å É*hKÑaHKJZQZNKO�J�VPdIHaJ
QZO�fpQRf�d(Ë"NKSTf l$dG`GO�NaF¥ÐeO6_kOy`3QZd=HK[aFIl�l$O�gGQRFIMK_kÎcS\[al$deJZJRO�l$Q�dIHGQRgKHGQLf�S\[YfpO�ÐIO�JRFI_�l�FefpOyf�h Ú Q
S\f�l$dG`GOy` Sk[ ÑKdIJZQZJLF([�FI[a`�`GdPOyf*[KdIQ�Fel�l$O�gGQ�FI[PÎ²äadWF�QRSk[KÆ
g±deSk[WQ�Sk[KgaHGQ�MaHGQ¶Fel�l�O�gGQLf
dI[K_\Î%`GOyl$S\Ç
F(_KS\[KgKHGQLfCHKg¶QRd��6`GOyl$S\Ç¶FI_KgK_TFIl�O�f�h Ä NKSTf"S\f�HK[aFel�l$O�gGQRFIMK_\O�Ë¸dIJ"Ç
F([PÎ%FIgKgK_\SxÍ
l�F�QRSkde[af�h±ç^[ad(QZNaO�J�l�dG`GO=È	�����PÊDSTf�ÌDJRSxQZQZO�[�MWÎ3X h�EPO�O�_�MaFefpOy`3dI[YO�åKFIl<Q�FIJZSkQZNaÇ�O�QZSTl�S\[
G�ì�É�çæÓ � ��Õ­h Ä NKS\f�l$dG`GO6ÆIS\ÐIOyfuQZNKO6O�åKFIl<Q^Å"deJZde[KdIS�`KS\FIÆIJLF(Ç-Ë¸dIJ�F([PÎAS\[KgKHGQyh±]^d�ÌuO�ÐeO�JyV
QZNKO0HafpO0d(Ë^O�åGFel<Q%FIJZSkQZNaÇ�O�QZSTl=l�dIÇ¶O�f*ÌDSxQRN5F²l�dI[afZS\`KO�JLF(MK_\O
g±O�[aF(_kQrÎ Sk[�QZNKO0JZHK[a[KSk[aÆ
QZS\Ç�Oeh
Å"O�JRÎYJZOyl$O�[eQR_kÎeV�QZNaO=fpOyl$de[a`
FIHGQZNadIJ6d(ËuQZNaS\f*gaF(g�O�J�N±FIf6`GO�ÐIO�_\dIg�O�` FI[Kd(QRNKO�J�l�dP`KO

È �
���
�
-�Ó �KV���Õ¸Ê<VGS\[0QZNKO QZS\Ç¶O6fpS\[al$O%�����¶Ì�FIf�ÏaJLfpQD`KO�ÐIO�_kdeg±Oy`=FI[a`0`KO�gK_\d�ÎIOy`AS\[0gKJLFIl$QZSTl$Oeh
� ����� -�HafZO�f*QZOylLNK[KS �eHaO�f¶`GSkð�O�JZO�[eQ�Ë¸JRdIÇ �����
QZd FIlLNKS\O�ÐeO=SkQRf�JRdIMKHafpQZ[aO�fRf*F([±`�g�O�JZË¸dIJZÍ
Ç¶FI[al$OeV¥QZNKdeHKÆIN�SkQ�F(_Tfpd�F(MKST`GOyf1MWÎ�QZNKO�HafZO�d(Ë�äadeF(QZS\[KÆ�g�dIS\[WQCF(JRSxQRNKÇ¶O$QZSTlDF([±`%l�F(JRO$Ë¸HK_\_kÎ
O�[KÆeSk[KO�O�JRO�`0JZdeMKHafpQZ[KOyfZf�h

� / ������V������aV�F([a`"�
���
�
-a`Gd¶[Kd(Q^ÆeHaF(JLF([WQRO�O6FIl�l$HKJLFIl�Î
d(Ë�QZNKO6Å É*h Ä NKO�Î0dI[K_\Î=ÆeHaF(JZÍ
F([WQZO�O�F�Ë¸deJZÇ-d(Ë^êpQZdeg±de_kdeÆISTl�F(_Të6l$deJZJRO�l$QZ[KOyfZf�V(ÌDNKSTlLN=Ç¶OyF([afCQZNaF(QuOyFIlLNAfZSxQRO�NaFef�F%l$dI[KÍ
[KO�l$QZO�`YÅ"dIJRdI[KdeS�JZO�ÆIS\dI[YFI[a`cQZNKO%Å"dIJRdI[KdeS�JRO�ÆIS\dI[±fDd(Ë�FAfZO�ÆeÇ¶O�[WQ�F([±`3SxQLf�O�[a`PÍ­g±deSk[WQRf
F(JRO0FI`�MpFIl$O�[WQ�h"ÑKJRdIÇ F²QZNKO�dIJRO$QZSTl�FI_�g�O�JLfZg±Oyl<QZS\ÐIO0QZNaS\f�STf%[ad(Q¶Ç*HalLN d(Ë�F
ÆIHaFIJRFI[WQZO�Oeh
]^d�ÌuO�ÐIO�J�VaQZNKOyfpO¶fZd(Ë¦QrÌ�F(JRO�f^Ç
F¥Î3g�O�JZË¸dIJRÇ ÌuO�_\_�Sk[ØgKJLFIl<QRS\l�O%FI[a`�ÆIS\ÐIO%gKJLFIl<QRS\l�F(_1fpde_kHKÍ
QZS\dI[af�QRd JRO�FI_xÍ­ÌudIJR_\`6gaJZdeMK_kO�Ç
f�h Ä NKO�Ç
F�MrdeJ"frQRJZO�[KÆ(QRN%dIË������6STf�QZNaF(Q1SkQ�`GdPO�f1ÆeHaF(JLF([WQRO�O
QZNKO�O$åKFel<QDl$dIÇ¶gKHKQRF�QRSkde[0dIË�QZNaO�l�dIJRJZOyl<Q�Å�É%hK]^d�ÌuO�ÐeO�JyVeHafZS\[KÆ�fZd(Ë¦QrÌ�F(JRO�M±FIfZO�`Ade[0O�åPÍ
FIl<Q�FIJZSkQZNaÇ�O�QZSTl�Ç
F¥Î*M�O^gKJRdINKS\MKSkQZS\ÐIOuË¸dIJ�fZdIÇ¶O^FIgKgK_\S\l�F�QZS\dI[±f�h(ç9l�dIÇ¶gaFIJRF(QZS\ÐIODfrQRHa`GÎ%d(Ë
fpdIË¦QrÌuFIJZO6QRNaF�Q6HafZO�f�O$åKFel<Q6F(JRSxQRNKÇ¶O$QZSTl�ÌDSkQZN fZd(Ë¦QrÌ�F(JRO6QZNaF(Q H±fpOyf�de[K_\Î3äadeF(QZS\[KÆ=g�dIS\[WQ
l$dIÇ¶gKHKQRF�QRSkde[0NaO�_\gafDHaf�QRd¶HK[a`GO�JRfpQRFI[a`AQRNKO�QZJLFI`KO�d(ð�f�h
ç^_Tfpd�JZO�_\F(QZOy`¶QZd�dIHKJ�ÌudIJRï¶S\f�QZNaO S\Ç¶gK_\O�Ç¶O�[WQRF(QZS\dI[0MWÎ=EGHKÆIS\NaF(JLF*FI[a` Ú JRS�Ë¸dIJDl$deÇ�Í

gKHGQZS\[KÆ�Å É d(Ë�F3Ç¶Sk_\_kS\dI[Øg�dIS\[eQLfAÓ Ô � Õ�FI[a`
QZNKO
S\Ç¶gK_\O�Ç¶O�[WQRF(QZS\dI[ MPÎ²]^dIð5O$Qyh FI_´h�QZNaF(Q
l$dIÇ¶gKHKQZO�f�Å É d(Ë�fZO�ÆeÇ¶O�[WQRf�F([a`%l$HKJRÐIOyf�S\[%QrÌ�d F([a`�QZNKJRO�OD`GS\Ç¶O�[afZSkde[af¬HafpS\[KÆ ÆIJLF(gKNaS\l�f
NaF(JL`GÌ�F(JRO¶Ó � �(Õ�h±ç^_Tfpd
dIË�JRO�_TF�QRO�`3S\[eQRO�JRO�fpQ^S\fDQZNKO�ÌudIJRï=MPÎ G�S\d(QpQLF¶O$Qyh FI_´h±dI[3gKJRd¥åPS\Ç¶SxQrÎ
�eHaO�JRSkOyf�Sk[YÔ(É H±fpS\[KÆ¶ÆIJLF(gKNaS\l�f�NaF(JL`GÌ�F(JRO%Ó � �¥Õ­h

� �DÃ����������3¿ �"!$#C¿�¼&%

Ä NKO�Å"dIJRdI[KdeSW`GSTF(ÆeJRFIÇ d(Ë�F fZSkÇ¶gK_\O�g±de_kÎPÆIde[�V¥ÌDSxQRN�fZSkQZO�f"l�dIJRJZOyfpg�dI[±`GSk[aÆ^QZd�QZNaO�ÈÛdIg�O�[±Ê
M±deHK[a`KFIJZÎ�fpO�ÆIÇ¶O�[WQLf�F([±`�QZNKO�JZO�äaO$å�ÐIO�JpQRS\l�O�f�V�NaFef�FDÐeO�JRÎ fZS\Ç�ga_kOufrQRJZHal$QZHKJRO('�SxQ�S\f�F�QRJZO�O
ÌDSxQRNYfpdeÇ�O6dIË¬QRNKO�_\O�F¥ÐeO�f¶êrQRdIHalLNaSk[KÆWë�O�FIlLNcd(QRNKO�J�F�Q�JRO$äaO�å=ÐIO�JpQRS\l�O�fDdIË¬QRNKO�g�dI_\ÎPÆIdI[�h
Ä NKOA_\O�F�Ë�O�`KÆIO�f�d(Ë�QZNKO=Å"dIJRdI[KdeS"QZJRO�OAFIJZOA`GO�QZO�JZÇ¶S\[KO�` MPÎ
l�dI[afZO�l�HGQZS\ÐIOAfZSkQZO�f�dI[ QZNaO
M±deHK[a`KFIJZÎ�d(ËaQZNKOuSk[agKHGQ1g±de_kÎPÆIde[�h Ú ËaÌ�O�SkÆe[KdIJROCQRNKOuÆIO�deÇ¶O$QZJRÎ d(ËKQRNKO�Å"deJZde[KdISP`GSTF(ÆeJRFIÇ
F([a`=dI[K_\Î¶_kdPdIïAF(Q�QRNKO HK[a`GO�JZ_\ÎPSk[KÆ�ÆIJLF(gaN�VIÌuO�ÆeO$Q�ÌDNaF�Q�STful�F(_\_kOy`¶QZNaO*)�Ý�
ZÝ,+�Ý�ã.- 
 �RÜ
/Ph
Ä NKO `KHaF(_id(Ë�QZNKSTfuÆIJLF(gKN
STf�QZNKO10%à � �,23+����4- 
 �RÜ
/PVGÌDNKSTlLN�VWË¸dIJu[Kde[GÍ­`KO�ÆIO�[KO�JLF�QRO^S\[KgKHGQLf�V



S\f¶FØÉ�O�_\FIHK[aF¥ÎØQZJRS\FI[KÆIHa_\F(QZS\dI[�h"É�O�ÆIO�[KO�JLF�QRO=S\[KgKHGQLf¶g±dWfZfZS\MK_kÎ _\O�Fe` QZd l$ÎGl�_kOyf%dIË�fZSkÖ�O
_\FIJZÆeO�JuQZNaFI[=QRNKJRO�O �GÌuO�NaF([±`G_kO�fZHalLN3l�FefpOyf�MPÎ=FIJZMaSxQRJRFIJZS\_kÎ�QRJZSTF([KÆeHK_TF�QZS\[KÆ
fZHalLNcl�ÎGl$_\O�f�V
ÌDNKS\lLN�STf¬O��WHKSkÐ�FI_kO�[eQ1QRd FI_k_\d�ÌDSk[aÆ�Ö�O�JRd(Í­_kO�[KÆ(QRN�Å"dIJRdI[KdeSeOy`GÆIOyf�Sk[%QZNKO�Å"deJZde[KdISG`GSTF(ÆeJRFIÇ
ÈÛfZd%QRNaF�QDQRNKO�`GO�ÆIJRO�O�fudIË1FI_k_�Å"deJZde[KdIS�ÐeO�JZQZSTl$O�f�FIJZO QZNaJZO�OyÊ<h

Initialization OutputEar Cutting

����� ���P� ý���¢6£W«enrv©te¡ � ��zr�yte�yv���vxo�¡�zpo�¢4o�tW 	��qL§xo�«etPoL~%¹±zrvxo�te¡y«W§xo$nrvx��t±�

×
O�ïW[ad�Ì
QRNaF�Q¬QZNKO�JZO�O$åGS\fpQRf¬F^Å"deJZde[KdIS(Oy`GÆIO�F([a`6NaO�[al�O�F^É�O�_TF(HK[±F¥Î�Oy`GÆIOCM�O$QrÌuO�O�[
l$dI[±fpOyl$HGQRSkÐeO¶fZSkQZO�f�de[²QRNKO
M�dIHK[a`aF(JRÎYd(Ë�QZNKO
S\[KgKHGQ%g±de_kÎPÆIde[�h Ä NPHaf�V�QZNKO¶dIHKQZO�J�l�ÎGl$_\O
d(Ë6QZNaOØÉ�O�_TF(HK[±F¥Î5QRJZSTF([KÆeHK_TF�QZS\dI[ S\fcfpS\Ç¶gK_\Î QRNKO l$ÎGl$_\O²dIË*l$dI[±fpOyl$HGQRSkÐeO²fpSkQZOyf=dIË�QZNaO
Sk[KgaHGQ�g�dI_\ÎPÆIdI[�h���HKJ�FI_kÆedIJRSxQRNKÇ STf^M±FIfZO�`3dI[YfZS\Ç�ga_kOYêZO�FIJ�l$_\SkgagKSk[aÆeë�' Ú Q�M�O�ÆIS\[af�ÌDSxQRN
QZNKSTf�l$ÎGl�_kOAFI[a`ØSk[al�JZO�Ç¶O�[WQRFI_k_\Î²l$HKQRf�êRÉ�O�_\FIHK[aF¥ÎYOyF(JLfZë0Sk[ deJR`GO�J�QZd�deMGQRFISk[ØQZNaO¶Ïa[aF(_
É�O�_\FIHK[aF¥Î0QZJRS\FI[KÆIHK_TF�QRSkde[�h±]�O�JROIViF([ à,�

^S\f F
QRJZSTF([aÆI_\O6QrÌ�d=d(ËCÌDNKdWfpO�fpST`GO�f F(JRO�Oy`GÆIOyf
d(Ë�QZNKO*l�HKJRJZO�[eQ^l�ÎPl�_kO��aF 0%à � �,23+����cà �

�S\f^FI[3O�F(J^fZHalLNcQZN±F�QDQZNaO6QZNKJRO�O6fZSxQRO�fDS\[PÐIde_kÐeO�`
`GO$QRO�JRÇ�S\[KO F([
O�Ç¶gGQrÎ
l�SkJLl$_\O*ÈÛF%`GSTfpï¶NaF¥ÐPS\[KÆ6[Kd*g�dIJZQZS\dI[
dIË�QZNKO�g±de_kÎPÆedI[
M�dIHK[a`aF(JRÎ%S\[
SxQLfDSk[WQRO�JRSkdeJLÊCQZdeHalLNKS\[KÆ�QZNKO�Çch
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í SkÐeO�[�F�l$ÎGl�_kOAdIË^É�O�_\FIHK[aF¥Î²Oy`GÆIOyf�V�Ïa[a`GS\[KÆ²F�É�O�_TF(Ha[aF¥Î²OyF(J6QRd²l$HGQ�S\f�QZNKO0l$O�[WQRJRFI_
QRFIfZï=S\[�dIHaJ�F(_\ÆIdeJZSkQZNKÇ3haÑadIJ�F=l$ÎGl$_\O6d(Ë"_\O�[KÆIQZNHEØQZNKO�JZO�FIJZO	E g�defRfpS\MK_\O6O�FIJRf�VKO�FelLN3d(Ë
ÌDNKS\lLN�l�F([ M�O
QZOyfrQRO�`ØË¸dIJ�É�O�_\FIHK[aF¥ÎPNKdPdG`ØMWÎØlLNKO�lLïPS\[KÆ3QZNaOAO�Ç¶gGQrÎ l$S\JRl�_kO
gaJZdeg±O�JpQrÎeh
EPSk[±l$O=FI[WÎ²QZJRS\FI[KÆIHa_\F(QZS\dI[ NaFIf*F�Q*_\O�FefrQ6QrÌud�O�FIJRf�V�ÌuO=fpNadIHK_T`�V�S\[ QZNKO�dIJRÎIV�F(_\ÌuF¥ÎGf�M�O
F(MK_\O�QRdAS\`KO�[WQZSkË¸ÎYF=É�O�_TF(HK[±F¥Î0OyF(Jyh*�^HaÇ�O�JZSTl�FI_�S\[aFIl�l$HKJLFIl�SkOyf�V±NKd�ÌuO�ÐIO�J�V±l�F([�JRO�fZHK_kQ�S\[
F�fpSkQZH±F�QZS\dI[=Sk[AÌDNaS\lLNAÌuO�`Gd%[Kd(Q�Ïa[a`=FI[PÎ�É�O�_TF(HK[±F¥Î%OyF(Jyh Ú [AfZHalLN=l�FefpOyfCÌuO^ÆId*Sk[WQZd%F
êpJRO�_TF�åGO�`%É�O�_\FIHK[aF¥ÎPNKdPdG`Kë^Ç¶dG`GOIVe`GO�fRl$JRSkM�O�`%_TF�QZO�J�h¥×ØO^`Gd [Kd(QC[KO�O�`*QZd6lLNKOylLï�F�_\S\[KO�FIJ
[WHaÇ*M�O�J^dIË�OyF(JLf�O�ÐIO�JZÎAQZS\Ç�O6ÌuO6Ì�F([WQ�QZd¶Ïa[a`�F
É�O�_TF(Ha[aF¥ÎAO�FIJ�VKfZS\[al$O6O�ÐIO�JRÎ
QRSkÇ¶O6ÌuO
l$HGQ�FI[0OyF(JyVGdI[K_\Î
QZNaO�QrÌ�d¶[KO�SkÆeNWM�dIJRS\[KÆ�l�F([a`KS\`KF(QZO�O�FIJRfDFIJZO�F�ðiO�l$QZOy`�h
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Ä dclLNKO�lLïcSxËuF([�O�FIJ�STf�É�O�_TF(Ha[aF¥Î3Ì�O6Ï±JRfpQ�Ïa[±`�QZNaO%l$S\JLl$_\O%`GO�Ïa[KO�`YMWÎcQRNKO�QrÌud=Oy`GÆIOyf
d(Ë�QRNKO
l$ÎGl$_\OIh Ä NaO%QrÌud3É�O�_\FIHK[aF¥Î�O�`KÆIO�f dIË�QZNaO�OyF(J�O�FelLN
l�dIJRJZOyfpg�dI[a`YQZd3FcMKS\fZO�l$QZdeJ
M±O�QrÌ�O�O�[�QrÌud
fZSkQZO�f�h Ä NKO=Ï±JRfpQ�S\[WQZO�JRfZO�l$QZS\dI[�dIË^QZNKOyfpO0MKSTfpOyl<QZdeJRf%ÆIS\ÐIOyf�QRNKO3l$O�[WQRO�J�d(Ë



Fcl�SkJLl$_\O%QZdIH±lLNKSk[aÆ3FI_k_1QRNKJRO�O
fpSkQZOyf�d(Ë�QZNKO¶O�FIJ�h Ä NaO�OyF(J�STf6É�O�_\FIHK[aF¥Î�SkË�QRNKS\f*l$S\JRl�_kO�S\f
O�Ç¶gGQrÎIh
×
O�Ïa[±`=QRNKO�l$O�[WQZO�J^FI[a`cJRFe`GS\Hafud(Ë�QZNKSTf^l$S\JLl$_\O�FI[a`3lLNKO�lLï=SxË1SxQ^STf�O�Ç¶gGQrÎ0MPÎ0l$deÇ�Í

gaF(JRSk[aÆ�SkQRf�JLFI`KSkHaf�ÌDSkQZNcQRNKO�`GSTfrQLF([al�O6d(Ë¬SkQRf�l$O�[WQRO�JDÌDSkQZN�F(_\_�d(QRNKO�J^fZSxQRO�fDdIË�QRNKO�l$ÎGl$_\OIh
Ä NWH±f�VWSk[=QZNKO ÌudIJLfrQ�l�FIfZOIVWSxQDl�FI[
QRFIïIO�_kS\[KO�FIJCQRSkÇ¶O�QZd¶lLNKO�lLï%Ë¸dIJ�É�O�_\FIHK[aF¥ÎPNKdPdG`
d(Ë�FI[
O�F(JyVP_kOyFI`GS\[KÆ�QZd
FI[0d�ÐeO�JLF(_\_�ÌudIJLfpQpÍ|l�FIfZO��WHaFe`GJLF�QZSTl�QZS\Ç�O�FI_kÆedIJRSxQRNKÇ3h Ú [W�����±VKNKd�ÌuO�ÐeO�JyV
Ì�O HGQZS\_\SkÖ�O M±FIfZS\l�ÆIJRS\`ANaFIfZNKS\[KÆ�fZd%QZNaF(QuÌuO�deMGQRFISk[�VWS\[cgKJRFel<QRS\l�OIVGl$_\defZO�J�QZd�_kS\[KOyF(J�QZS\Ç�O
È¸dIJ#D¶ÈQE�_\dIÆ E�Ê"QZS\Ç¶OyÊ"g�O�JZË¸dIJRÇ
F([al�ODd(Ë�deHKJ�FI_kÆedIJRSxQRNKÇ�Ë¸deJ�Ç¶defpQ�gKJLFIl$QZSTl�FI_KSk[agKHGQRf�hGÑKdeJ
g±de_kÎPÆIde[af"NaF¥ÐPS\[KÆ*F6NaSkÆeNA`GO�ÆeJZO�ODd(Ë�l$dGl�SkJLl$HK_TF(JRSkQrÎ=ÈÛfZHalLN=Fef�F�l�SkJLl$_\O^F(gKgaJZd¥åGS\Ç¶F(QZOy`%MPÎ
[WHaÇ�O�JZdeHaf6_\Sk[aO=fpO�ÆIÇ¶O�[WQLfRÊ$V�dIHaJ*F(_\ÆIdeJZSkQZNKÇ,`GdPO�f*O$åGNKS\MKSxQ%�eH±FI`GJLF�QRS\l$Í´QRSkÇ¶O
M�O�NaF¥ÐPS\dIJyh
ÑKHGQRHKJZO6S\Ç¶gKJRd�ÐIO�Ç¶O�[eQLfugK_\FI[K[KOy`=Ë¸deJV�����
ÌDS\_k_�Fe`K`GJRO�fRfuQZNKSTfDÌuO�FIïW[aO�fRf�h
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Ñ¬S\[a`GS\[KÆcQZNaO¶l�O�[WQZO�J�d(ËCQRNKO
l$S\JRl�_kO¶l$deJZJRO�fZg±de[a`GS\[KÆAQRdcFI[²OyF(J�S\f�QRNKO¶dI[K_\Î�[KdI[KÍ´QRJZS\ÐPS\FI_
QRFIfZï5S\[9deHKJ=F(_\ÆIdeJZSkQZNaÇch#��[al$O�ÌuO�Ïa[a`>QRNKO
l�O�[WQZO�JAd(Ë�QRNKO²l$S\JLl$_\OIV�ÌuO3QRFIïIOYFef
QZNaO
JRFe`GSkH±f¶d(Ë QZNKO�OyF(J
l$S\JRl�_kO3QRNKO�Ç¶Sk[aSkÇ%HKÇ�dIË�QRNKOY`GSTfrQLF([al�O0Ë¸JRdIÇ�QZNKSTfAl�O�[WQZO�J¶QZd QZNaO
QZNKJRO�OYl�dIJRJZOyfpg�dI[a`KSk[KÆ fZSxQRO�f�h�È¸×ØO²N±F¥ÐIOcË¸dIHK[±`>QZNaF(QAQRFIïWS\[KÆ QRNKO�Ç¶Sk[KS\Ç*HaÇ JRO�`KHal$Oyf
QZNKOØ[PHKÇ*M�O�Jcd(Ë�QRSkÇ¶Oyf0ÌuO²Æed5S\[WQZd�QRNKOØJZO�_\F(åPOy` É�O�_\FIHK[aF¥ÎPNKdPdG` Ç¶dG`GOIh}Ê=ç�_\fZdaVuÌuO
`GS\fRl�FIJR`�FI_k_�l$S\JRl�_kOyfDQRNaF�Q�`Kd=[KdIQ�_kS\O*S\[afZS\`KO�QZNaO�M±deHK[a`GS\[KÆ0M±d¥å3d(Ë"QRNKO*S\[KgKHGQ g±de_kÎPÆedI[
FIfD[Kde[GÍ|É�O�_\FIHK[aF¥ÎIh Ä NaS\fDSTf MrH±frQRSxÏaOy`�V±fZS\[al$O�FI[WÎcÉ�O�_\FIHK[aF¥Î=l�SkJLl$_\O6Ç*H±frQ�_\S\O6Sk[afZST`GO6QZNaO
Sk[KgaHGQ%g�dI_\ÎPÆIdI[�h Ä NKSTf%fpQZO�g [Kd(Q*de[K_\Î
S\Ç¶gKJZd�ÐeO�f�QRNKOAO�î
l�SkO�[al$ÎØMKHGQ¶F(_Tfpd�STf�ÐPSkQRFI_�Ë¸deJ
JZdeMKHafpQZ[KOyfZf�h Ú Ë±Ì�O�`Gd�[ad(Q"`Gd�QRNKSTf¬ÌuO�l�F([*JZHK[%Sk[WQRd�JRdIMKH±frQR[KO�fRf�gaJZdeMK_kO�Ç
f�ÌDSkQZN�F�l�SkJLl$_\O
ÌDNKdefZO�l�O�[WQZO�J�_\SkOyf�ËÛF(J�F¥ÌuF¥Î%Ë¸JZdeÇ-QZNKO S\[KgKHGQDg�dI_\ÎWÆedI[�VWJRO�fZHK_xQRSk[aÆ*S\[AQZNaO `GSTfpQRF([±l$O�f�Ë¸deJ
QZNKOcl$O�[WQRO�J%QZd
FI[PÎØfZSxQRO=dIËDQZNKO0g±de_kÎPÆIde[�F(gKg�O�FIJZS\[KÆ�QRd²M�O=[KOyF(JR_kÎ
QZNaO0fRF(Ç¶OIV�HKg QRd
äadeF(QZS\[KÆ¶g±deSk[WQ^gKJRO�l�S\fZSkde[�h
Ú [ deJR`GO�J*QRdØÏa[a`5QZNKO�l$O�[WQZO�J¶dIË�QZNaOcOyF(J
l$S\JLl$_\OIV1Ì�O3[KO�O�`5QZdØSk[WQRO�JLfpOyl<Q¶QZNKOcQrÌud

MKS\fZO�l$QZdeJRf�l$deJZJRO�fZg�dI[a`GS\[KÆ6QRd�QZNKO QrÌud�É�O�_TF(HK[±F¥Î
O�`GÆeO�fud(Ë¬QZNKO�O�FIJ�hP×ØO6l$dI[±fpST`GO�J�OyFIlLN
É�O�_\FIHK[aF¥Î�Oy`GÆIO3dI[ QZNaO3l�ÎGl$_\O0QRd M±O3deJZS\O�[WQZOy`5S\[>QZNKO�l�dIHK[WQZO�JpÍ|l$_\dGlLïPÌDS\fZO0`GS\JRO�l<QRSkde[
d(Ë�QRNKO
l$ÎGl$_\OIh�çèMKSTfpOyl<QRdIJ6l$deJZJRO�fZg±de[a`GS\[KÆ
QRd3FcÉ�O�_TF(HK[aF¥Î�Oy`GÆIO¶l�FI[²M�O¶O�SkQZNKO�J�F=_\Sk[aO
MKS\fZO�l$QZdeJ6dIJ�F3gaFIJRFIM±de_kSTl*MaS\fZO�l$QZdIJyV�`GO�g±O�[a`GS\[KÆYdI[ØSkQRf*fZdIHaJRl�O�FI[a`
QRF(JRÆIO�Q�fpSkQZOyf�h Ä NaO
fpdeHKJRl�O
F([a`
QRFIJZÆeO$Q*fZSxQRO�f�l�F([ M�OA_kS\[KOAfZO�ÆeÇ�O�[WQRf6deJ6JZO�äaO$åØÐIO�JZQZSTl$Oyf�h�ç fpO�ÆIÇ¶O�[WQ*fZSxQRO
Ç¶F¥Î=dIJDÇ
F¥ÎA[KdIQ�N±F¥ÐIO�SxQLf�O�[a`Kg±deSk[WQRf�FIf�g�dIS\[eQ�fZSkQZO�f�h
×
Oc`GO�FI_uÌDSkQZN>fpO�ÐIO�JRFI_�`GSkð�O�JZO�[eQ�QrÎPg±Oyf�d(Ë^O�FIJRf*Sk[5QZNKO3l$dG`GOc`GO�g�O�[±`GSk[aÆ
de[�QZNaO

QrÎWg�O�f dIËCQZNKO%QZNaJZO�O�fZSxQRO�f�l$deÇ¶gKJZSTfZSk[KÆ=QZNKO�O�FIJ�hi]^d�ÌuO�ÐeO�JyVaQRNKO�JRO%FIJZO%O�fRfpO�[WQZSTF(_\_kÎ3dI[a_kÎ
QZNKJRO�O�l�FefpOyf '¥O�FIJRf¬ÌDSkQZN%QrÌ�d�_kS\[KO�MKSTfpOyl<QZdeJRf�V¥O�FIJRf¬ÌDSxQRN�F�_\Sk[KO�F([±`%F�gaF(JLF(M�dI_\STlCMKSTfpOyl<QRdIJyV
F([a`¶OyF(JLfCÌDSkQZN
QrÌud�gaFIJRFIM±de_kSTl�MKSTfpOyl<QZdeJRf�hI×ØO�`KO�fRl$JRSkM�O^dIHaJ�F(_\ÆIdeJZSkQZNaÇ�Ë¸dIJ�O�FelLN
d(Ë�QZNaO
QZNKJRO�O�l�FefpOyf�h Ä NKO gKJRSkÇ¶SkQZS\ÐIO�f�ÌuO HafpO�QZd¶S\Ç¶gK_kO�Ç¶O�[WQ�QZNKOyfpO�l�FefpOyfuFIJZO `GO�fRl$JRS\M±Oy`=_TF�QRO�Jyh
ÑKdIJ¶OyFIlLN5dIË^QZNaOYl�FIfZO�f%ÌuO3l�F(_\_uQZNKOcÏaJLfrQAfZSxQRO3d(Ë^QRNKO�O�FIJ%S\[>l�dIHK[WQRO�JZÍ­l�_kdGlLïPÌDS\fZO

dIJL`GO�J�� � dIJ�� � `GO�g±O�[a`GS\[KÆYde[ØÌDNaO$QZNaO�J*SkQ�STf*F3g�dIS\[eQ%dIJ�F�fZO�ÆIÇ¶O�[eQyh¬EPS\Ç¶Sk_TF(JR_kÎeV�ÌuOl�F(_\_1QZNaOAfpOyl$dI[±`²F([±`²QRNKS\JR`ØfpSkQZOyf	� R deJ
� R FI[a`��
��dIJ����(V�JRO�fZg±Oyl<QRSkÐeO�_\ÎIh�×ØOAl�F(_\_1QZNaOÏaJRfpQAMKSTfpOyl<QRdIJyVCS´h OIh�QZNKO�MaS\fZO�l$QZdIJ=M±O�QrÌ�O�O�[>QZNKOYÏaJRfpQ=F([±` fpOyl$dI[±`>fZSkQZO�f�V�� � FI[a`>QZNaOfpOyl$dI[±`¶MKS\fZO�l$QZdeJ�V(S�h OIheQZNKO^MaS\fZO�l$QZdIJ�M±O�QrÌ�O�O�[¶QRNKO�fZO�l�dI[a`¶F([±`�QZNKS\JR`=fpSkQZOyf�V�� R hWç^_Tfpd±VIÌuOl$dI[±fpST`GO�J�QZNKOAMaS\fZO�l$QZdIJLf QZd²M±O=`KSkJRO�l$QZO�` F¥Ì�F¥Î�Ë¸JRdIÇ QRNKOAM�dIHK[±`KF(JRÎ²dIËuQRNKOAg�dI_\ÎPÆIdI[�h
×
O0JZO�Ë¸O�J6QRd²F�g�dIS\[eQ%dI[�F�MKSTfZO�l<QRdIJ*Fef�êpM�O$Ë¸deJZOyë3dIJYêRF�Ë¦QRO�JLë�F([KdIQZNKO�J�g±deSk[WQ�dI[ QZNaO
fZFIÇ�O�MKSTfpOyl<QRdIJ�FIl�l�dIJL`GS\[KÆ
QZd0QZNaO%deJR`GO�J FI_kde[KÆAQRNKO¶`GSkJRO�l$QZOy`YMKSTfpOyl<QRdIJyh�×ØO¶FIfRfpHKÇ¶O�F



l$dIHa[eQRO�JZÍ­l�_kdGlLïPÌDSTfpO%dIJRSkO�[eQLF�QRSkde[YË¸dIJ�QZNKO¶g�dI_\ÎWÆedI[�h Ä NPHaf QRNKO
JRO�ÆIS\dI[Ød(ËuSk[WQRO�JRO�fpQ
È¸QZNKO
Sk[WQZO�JZS\dIJ<Ê�d(Ë¬QZNKO6g�dGlLïIO$QDSTf^F(_\Ì�F¥ÎPf�QRd%QRNKO6_\O$Ë¦Q^d(Ë"F([PÎ=fZO�ÆeÇ¶O�[WQ�h
Ä NKO�JRO0FIJZOcl$O�JZQRFISk[>l$de[a`GSkQZS\dI[af�l$deÇ�Ç¶de[�QZd F(_\_uQZNKJRO�O3l�FefpOyf�QRNaF�Q¶Ç*H±frQ¶M±O�fRF�QZÍ

S\fpÏaO�`�h"× NKSk_\O3QZNaO�fZO3l�dI[a`KSxQRSkde[af
F(JRO0[±F�QZHaJRFI_k_\Î�fZF(QZSTfrÏ±O�`5Ë¸dIJ
F([>O$åKFIl$QZ_\Î5l$deÇ¶gKHGQZOy`
É�O�_\FIHK[aF¥ÎYÆeJRFIgKN�V�SkQ�S\f6S\Ç¶g±deJpQLF([WQ�QZd3QRNKO
JZdeMKHafpQZ[KOyfZf�dIËudeHKJ6S\Ç�ga_kO�Ç�O�[WQRF�QRSkde[ØQZNaF(Q
Ì�O6fZg±Oyl$SkÏ±l�FI_k_\ÎAS\Ç�g�defZO6O�FelLN0dIË�QRNKO�fZO�l$de[a`GSkQZS\dI[af�h

� h Ä NKO¶ÏaJLfrQ*FI[a`²QZNKS\JR` fZSxQRO�f�fZNKdeHK_\`
M�O²à��©ã -Iã�� �kà6QRd�M±OAFe`�MpFIl�O�[WQ�S\[
QRNKOAÉ�O�_TF(HK[aF¥Î
ÆIJLF(gKN�VGÌDNKO�JRO QZNKO6O�_kS\ÆIS\MKS\_kSkQrÎ=l$JRSkQZO�JRSTF�FIJZO '
� Ä Ìud�g�dIS\[WQ�fpSkQZOyfDF(JRO6F(_\ÌuF¥ÎGf�l$de[afpST`GO�JZOy`
QZd
M�O�FI`�MpFIl$O�[WQ�h
� ç g±deSk[WQ fZSkQZO%l�F([�M�O�Fe`�MpFIl�O�[WQ^QRd0F=fZO�ÆeÇ¶O�[WQ�fZSxQRO*dI[a_kÎ3SkËCSxQ _kS\O�f�dI[�QRNKO*_\O$Ë¦Q
d(Ë�QZNaO�`GSkJRO�l$QZOy`=_\Sk[aO�l$dI[WQLF(S\[KSk[aÆ%QRNKOAÈÛ`KSkJRO�l$QZO�`±Ê�fpO�ÆIÇ¶O�[WQ�h

� ç?fpO�ÆIÇ¶O�[WQufZSkQZO�l�F([AM�O�FI`�MpFel$O�[WQ�QZd%FI[Kd(QRNKO�JufpO�ÆIÇ¶O�[WQ�fpSkQZO�SxË¬F(Q�_\O�FefrQudI[KO�d(Ë
QZNaO O�[a`Kfud(Ë¬dI[KO�fpO�ÆIÇ¶O�[WQ�S\fude[AQZNaO�_\O$Ë¦QDd(Ë�QZNKO6`GS\JZOyl<QRO�`A_\S\[KO l�dI[WQRFISk[aSk[KÆ%QZNaO
d(QRNKO�J^fZO�ÆeÇ¶O�[WQ�VKFI[a`cÐWSTl$O�ÐeO�JLfZFahGEGO�O�Ñ�SkÆeHKJRO6ÔKh

(a) (b)

����� ���a� ûW��zDn´�1�%{|qL¡y¢6qLt�nr{�nr�%ªGq�qL§©v©¡yv©ªW§©q6nr�¶ªGq6o�  � o�¤LqLt�n^q<o�¤Z¨3{|¨e�y«e§k =¨Po<w¥q o�n�§©q<o�{­n��yteq
qRtP e£G��v©t(n^��t0nr¨eq�§©qR�\n�{|vx eq����1nr¨Wq ��nr¨WqZz<��µ¸oy·Z��m(qL¡y¢6qLt�nr{Do$zrq6qL§©v©¡yv©ªW§©q�nr�¶ªGq6o�  � o�¤LqLt�n<°¬µ¦ªG·Z�
m(qL¡y¢6qRt(nr{Co$zrqDv©tWqL§©v©¡yv©ªW§©qDnr��ªGq^o�  � o�¤LqLt�n<�

ÔGh Ä NKODfpOyl$de[a`*MaS\fZO�l$QZdIJ1Ç%HafrQCl�JZdWfZf�QZNKO�Ï±JRfpQ�MaS\fZO�l$QZdIJ�Ë¸JRdIÇ�SkQRf1JRS\ÆINWQ¬QRd�SxQLf1_kO�Ë¦Q�fpST`GOIh
I h Ú Ë�QRNKO¶ÏaJLfrQ�fZSxQRO
S\f6F3fZO�ÆeÇ�O�[WQ�V � � V�QRNKO�[ FI_kde[KÆ � � ViQZNaOAl$O�[WQRO�J6d(Ë�QZNKO
OyF(J�l�SkJLl$_\OÇ*HafpQ�_kS\O%M�O$Ë¸deJZO%QZNaO%g�dIS\[WQ ÌDNKO�JZO � � Sk[WQZO�JRfZO�l$QRf�QZNKO¶g�O�JRg±O�[a`GSTl$HK_TF(J�QZd � � F(Q SkQRffpdeHKJLl$O�O�[a`Kg±deSk[WQ�h�EPO�O6Ñ�SkÆeHKJRO I h
�ah Ú ËCQZNaO�QZNaSkJL`²fZSxQRO*STf�F0fpO�ÆIÇ¶O�[WQyV
���IV±QZNaO�[
FI_kde[KÆ�� R V±QRNKO%l�O�[WQZO�J�dIË"QZNKO%O�FIJ l�SkJLl$_\OÇ*HafpQ�_kS\O%M�O$Ë¸deJZO%QZNaO%g�dIS\[WQ ÌDNKO�JZO � R Sk[WQZO�JRfZO�l$QRf�QZNKO¶g�O�JRg±O�[a`GSTl$HK_TF(J�QZd ���%F(Q SkQRfQRFIJZÆeO$QDO�[a`Kg±deSk[WQ�h�EPO�O6Ñ�SkÆeHKJRO I h
�Gh Ä NKOAl$O�[WQZO�J*d(ËuQZNKOAOyF(J�l�SkJLl$_\O¶Ç*HafpQ*_\SkO
S\[afZS\`GO¶QRNKOAM�dIHK[±`GSk[aÆ�M±d¥åØd(ËuQZNKO
S\[KgKHGQ
g±de_kÎPÆedI[�h

��� Ý �©ã +�àK��ãTâ$àLÞ�á­Ý

Lâ�� Ä NKS\f1STf1F�fZS\Ç�ga_kODl�FefpOuS\[%ÌDNKSTlLN�QRNKOuQrÌ�d MKSTfpOyl<QRdIJLf¬S\[WQZO�JRfZO�l$Q�S\[
dI[KOug±deSk[WQ"dIJ�QRNKO�Î*`Kd [ad(Q1Sk[WQZO�JRfZO�l$Q�h Ú Ë±QZNKO�[KOyl$O�fRfRF(JRÎ�l�dI[a`KSxQRSkde[af1F(M�d�ÐIO�F(JRO�fRF�QZSTfpÏaO�`�V
Ì�O�ÆIO�Q�F�Ð¥FI_kST`0O�F(J^l�SkJLl$_\OIh

� +ià%�©ã +�à.�,+
	�Ý,+�à�Ü(��
 ���RÝ
�©ãÛÞP��ãTâ�àLÞ$á|Ý�
�� Ú [�QRNKS\f�l�FIfZOIVKQRNKO�QrÌud=MaS\fZO�l$QZdIJLf�l�F([�NaF¥ÐeO
Ö�O�JRdaVIdI[KODdeJ"QrÌ�d�S\[WQZO�JLfZO�l<QRSkde[¶g±deSk[WQRf�he]�d�Ì�O�ÐIO�J�V(F(QCÇ�dWfrQ�dI[KODS\[WQZO�JLfZO�l<QRSkde[¶g±deSk[WQ�l�FI[
fZF(QZSTfrË¸Î
QRNKO�ÏaJLfrQ^[aO�l$OyfZfRF(JRÎ
l$de[a`GSkQZS\dI[�h±EGO�O6Ñ�SkÆeHKJZOV�±h
Ä NKO�JRO�S\f^FI[�FI`K`GSkQZS\dI[±F(_�l$de[a`GSkQZS\dI[cQZN±F�Q�[KO�O�`KfDQZd
M�O�lLNKO�lLïeO�`0Sk[cQZNaS\f�l�FIfZOIh ��d(QRO

QZNaF(Q�SxË�QZNaO�JROAF(JRO%QrÌud3Sk[WQRO�JLfpOyl<QZS\dI[Øg�dIS\[eQLf�V�QZNKOyfpO¶QrÌud�g±deSk[WQLf6`GSkÐPST`GOAOyFIlLNØMKS\fZO�l$QZdeJ
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Sk[WQZd%QZNaJZO�O�gaFIJpQLf�hP×ØO�ÌDS\_\_�l�F(_\_±QZNKO�ÇæQZNKO ÏaJLfpQ�VGfpOyl$de[a`AF([±`AQRNKSkJL`Ag±F(JZQ�VPJZOyfpg�O�l$QZS\ÐIO�_kÎeh
�^d�Ì l$de[afZS\`GO�J*QRNKOcgKJZO�ÐPSkdeHaf*É�O�_TF(HK[±F¥Î l�SkJLl$_\OAË¸deJ � � h Ú Q�N±FIf*QZdØM±OcO�Ç¶gGQrÎ��1NKO�[±l$OIVSxQLf�l$O�[WQZO�J�Ç*HafpQ�_\SkO�de[cQZNKO*fZST`GO�d(Ë � R dI[3ÌDNKSTlLN3QZNKO*fZO�l�dI[a`3fZSxQRO�_\SkOyf�h���[3QRNaF�Q fpST`GOIV`GO�g�O�[a`KSk[KÆcdI[²QZNKO%QrÎPg±Oyf d(Ë�fZSxQRO�f�ViO�SkQZNKO�J ÌuO�Ì�deHK_\`YNaF¥ÐIO*QZNKO¶fpOyl$de[a`YgaFIJpQ d(Ë � � deJÌ�O Ì�deHK_T`ANaF¥ÐeO�QRNKO ÏaJRfpQDF([a`AQZNKS\JR`0gaFIJpQ�d(Ë � � h Ú [0QZNKO�_TF�QpQRO�JDl�FefpO ÌuO�[KO�O�`AQZd
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ÆIO$Q^S\[WQZdAF
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MPÎ
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